Biofilms in drinking water distribution systems (DWDS) could exacerbate the persistence and associated risks of pathogenic Legionella pneumophila (L. pneumophila), thus raising human health concerns. However, mechanisms controlling adhesion and subsequent detachment of L. pneumophila associated with biofilms remain unclear. We determined the connection between L. pneumophila adhesion and subsequent detachment with biofilm physical structure characterization using optical coherence tomography (OCT) imaging technique. Analysis of the OCT images of multispecies biofilms grown under low nutrient condition up to 34 weeks revealed the lack of biofilm deformation even when these biofilms were exposed to flow velocity of 0.7 m/s, typical flow for DWDS. L. pneumophila adhesion on these biofilm under low flow velocity (0.007 m/s) positively correlated with biofilm roughness due to enlarged biofilm surface area and local flow conditions created by roughness asperities. The preadhered L. pneumophila on selected rough and smooth biofilms were found to detach when these biofilms were subjected to higher flow velocity. At the flow velocity of 0.1 and 0.3 m/s, the ratio of detached cell from the smooth biofilm surface was from 1.3 to 1.4 times higher than that from the rough biofilm surface, presumably because of the low shear stress zones near roughness asperities. This study determined that physical structure and local hydrodynamics control adhesion and detachment from simulated drinking water biofilm, thus it is the first step toward reducing the risk of L. pneumophila exposure and subsequent infections.
INTRODUCTION
Biofilms are ubiquitous in drinking water distribution systems (DWDS). The presence of biofilm potentially increases the persistence and associated risks of pathogens. [1] [2] [3] [4] DWDS biofilms provide a favorable environment for capture, growth, propagation, and release of pathogens, such as Legionella pneumophila (L. pneumophila), by supplying nutrients [5] [6] [7] [8] [9] and protecting pathogens from disinfection. [10] [11] [12] L. pneumophila is known as the main causative agent of legionellosis, 13 which is reported worldwide. In the United States, 3688 legionellosis disease cases were reported in 2012. 14 L. pneumophila contributed to 58% of total waterborne disease outbreaks associated with U.S. drinking water between 2009 and 2010. 15 In Europe, 5952 legionellosis disease cases were reported by 29 countries in 2012. The investigation conducted for some of these cases found that water distribution system contributed to 62% of all sampling sites with positive L. pneumophila test results. 16 While DWDS biofilms can harbor L. pneumophila, the role of biofilms in accumulation and release of L. pneumophila is still largely overlooked. Notably, adhesion (capture) of L. pneumophila to biofilms is a prerequisite of L. pneumophila persistence and propagation, and subsequent detachment (release) of L. pneumophila from biofilms under high flow results in the increased risks of L. pneumophila exposure and infection. 17 Therefore, comprehensive understanding of L. pneumophila adhesion and detachment associated with biofilms will elucidate the factors affecting L. pneumophila transmission to humans and provide guidelines for L. pneumophila risk control in DWDS.
Chemical (e.g., solution ionic strength) and physical (e.g., biofilm roughness and flow conditions in DWDS) factors may control adhesion and detachment of L. pneumophila and other pathogens associated with biofilms. Increasing ionic strength was believed to control bacteria adhesion on a variety of surfaces (Teflon, glass, protein coated glass, and other surfaces) through reducing the electrostatic repulsion between bacteria and the surface. [18] [19] [20] [21] However, on single or multispecies biofilms, ionic strength was found to have little to no effect on adhesion of E. coli and Erwinia chrysanthemi, 22, 23 indicating that electrostatic interactions did not control adhesion on biofilms. Thus, the effects of physical factors on bacteria adhesion on biofilms should be studied, but were addressed in only limited studies. For example, unevenness of a surface, which is referred to as surface roughness, was found to influence E. coli adhesion on Pseudomonas aeruginosa biofilms 24 and multispecies biofilms. 23 However, mechanisms of how biofilm roughness affects L. pneumophila and other bacteria adhesion and if biofilm roughness affects bacteria detachment were unknown. In addition to biofilm roughness, hydrodynamic conditions were also shown to influence cell adhesion to and detachment from multiple surfaces. [25] [26] [27] [28] High shear stress caused by high flow velocity prevented cell adhesion onto the clean and smooth surfaces, 25, 27 and enhanced detachment of the adhered biomass. 25, 28, 29 Nevertheless, for heterogeneous rough biofilm surfaces, local hydrodynamics could be disturbed by the surface asperities. This local hydrodynamics created by surface asperities may alter the adhesion and detachment of L. pneumophila and other bacteria associated with biofilms and should be investigated. However, previous studies on L. pneumophila adhesion and detachment did not address the effect of biofilm physical properties nor hydrodynamics conditions. 30, 31 Therefore, a comprehensive study identifying the combined effect of surface roughness and hydrodynamics on L. pneumophila adhesion and detachment is needed to understand L. pneumophila transmission in DWDS.
To fill the aforementioned research gaps, we determined the physical structure of groundwater biofilms under different flow conditions and the influence of these structures on the mechanisms of L. pneumophila adhesion and detachment. Specifically, we (1) used optical coherence tomography (OCT) to determine whether the biofilm deform when being exposed to flow with velocity up to 0.7 m/s; (2) experimentally quantified L. pneumophila adhesion on biofilms under low flow conditions and used computational fluid dynamics (CFD) to reveal the role of hydrodynamics created by surface roughness; and (3) identified the effect of biofilm roughness and hydrodynamics on detachment of preadhered L.
pneumophila. This study sheds light on the mechanism affecting L. pneumophila adhesion to and detachment from biofilms, which are likely key steps in the transmission of the legionellosis disease from DWDS.
MATERIALS AND METHODS

Biofilm Preparation
A local groundwater source, which is also a source for drinking water in UrbanaChampaign, IL, was selected for growing biofilms in this study. The microbial communities from the groundwater and the time required for biofilm development have been previously characterized. 23, 32 PVC coupons (RD 128-PVC, BioSurface Technologies Corporation, Bozeman, MT) with the diameter of 1.26 cm were selected as the substratum of biofilm because PVC is a common plastic material used for drinking water pipes. Biofilms were grown on PVC coupons in CDC reactors (CBR 90-2, BioSurface Technologies Corporation, Bozeman, MT) with continuous stirring at 125 rpm or Re of 2384, as previously described. 23 
L. pneumophila Cell Preparation
L. pneumophila (ATCC 33152) tagged with green fluorescence protein (GFP) by electroporating plasmids pBG307 was used in this study. 33 L. pneumophila cells were grown in buffered yeast extract medium, harvested, and resuspended in potassium chloride (KCl) solutions for subsequent adhesion experiments. More details of L. pneumophila culturing and characterizing are documented in the Supporting Information (SI).
Adhesion Experiment and Sherwood Number Calculation
Adhesion experiments of GPF-tagged L. pneumophila cells on unstained 2-, 4-, 8-, 14-, and 29-week biofilms and PVC surfaces were conducted using a parallel plate flow chamber (FC 71, BioSurface Technologies Corporation, MT). During each experiment, electrolyte solution with 1-5 × 10 7 cells/mL of L. pneumophila was pumped into the flow chamber at an average flow velocity of 0.007 m/s with Re of 1.26 for 30 min. This average flow velocity was kept constant for all experiments to simulate near stagnant laminar flow conditions in a DWDS, when the highest adhesion of planktonic bacteria to solid surface is expected. 25, 34 Measurements over DWDS in Ohio and Arizona found up to 35% and 16% of the total pipe carrying water in laminar flow region, respectively. 35, 36 Ionic strengths ranging from 3 to 300 mM were selected to determine the role of electrostatic interactions on adhesion. The number of L. pneumophila cells adhering to biofilms was determined with the aid of a fluorescence microscope or a confocal laser-scanning microscope (CLSM). For experiments using the fluorescence microscope (Leica DM15000 M), the images of the biofilm surface with adhered cells were taken at 1 min intervals throughout the 30 min. adhesion experiments, and the number of adhered cells was counted from each image. For each combination of biofilm age and ionic strength, adhesion experiments were conducted with three biofilms. The imaging area of 0.395 × 0.296 mm 2 in the center of each biofilm coupon was chosen. For experiments with CLSM (TCS SP2 RBB, Leica Microsystems), real-time determination of adhered cells was not possible because this method requires time to scan the biofilm at different depths. Instead, the three-dimensional image of adhered cells through the whole biofilm body was obtained. The number of total adhered cells after 30 min. of adhesion process was determined by the 3-D image.
The adhesion was expressed as Sherwood numbers, which represent the average local particle transfer rate to the collector surface. [37] [38] [39] [40] The Sherwood number was calculated as the ratio of experimentally determined cell adhesion mass transfer divided by diffusive mass transfer of the cells, and used to present adhesion data so that the data set obtained could be compared with previous work. [37] [38] [39] [40] [41] More details of the flow chamber dimension, adhesion experiments and the Sherwood number calculation were described in the SI .
Detachment Experiment
The detachment of preadhered L. pneumophila from a relatively smooth biofilm and rough biofilm with the relative roughness coefficient of 0.17 and 0.27, respectively, was determined for the average flow velocities of 0.1, 0.3, and 0.7 m/s. These flow velocities correspond to Re of 1.26, 50, and 126. The highest flow velocity was selected to match the design flow rate of 11.4 L/min (3 GPM) of some states in the United States and a common shower pipe size of 0.75 in. or 1.9 cm. 42,43 L. pneumophila cells were allowed to attach onto the biofilm surface for 30 min at 0.007 m/s, as described in the adhesion experiment. A 3 mM KCl solution free of L. pneumophila was then introduced into the flow chamber at 0.007 m/s to wash the flow chamber and remove L. pneumophila cells floating above the biofilm surface. After washing the flow chamber for 20 min, the average flow velocity was increased to promote the detachment of adhered L. pneumophila cells from biofilms. The detachment process under each flow condition during a period of 30 min was recorded using a fluorescence microscope at intervals of 1 min. The number of retained cells on biofilm surfaces at each imaging time point was counted. The ratio of retained cells (R t ), final detached cell ratio (D final ), and the time for 90% of maximal cell detachment (T 90 ) was determined and described in the SI .
OCT Image Collection and Structure Analysis for Biofilms
Optical coherence tomography (OCT) was used to determine the roughness and thickness of the different biofilms. For OCT measurements, the coupons were removed from the CDC reactors and placed in a flow chamber, which was also used for adhesion and detachment experiments. Biofilm images were captured by a spectral-domain OCT system, which utilized a mode-locked titanium:sapphire laser source (Kapteyn-Murnane Laboratories, Inc., Boulder, CO) centered at 800 nm with a 120 nm bandwidth. Axial and transverse imaging resolution was 1.8 and 16 µm. Two-dimensional cross-sectional images were acquired at a 25 Hz imaging rate with 1000 A-scans (columns) per image. Biofilm mean thickness, relative roughness coefficient, and biofilm surface enlargement coefficient 44 was obtained by analyzing 20-25 OCT images for a given biofilm with the program developed by Derlon et al. 45 and described in the SI .
As a control experiment to identify the possible biofilm structure deformation under the flow conditions used in the adhesion experiments, OCT images were taken for a selected mature biofilm when continuously exposed to different average flow velocities (0, 0.007, and 0.03 m/s) in the flow cell. For monitoring the possible biofilm structure change under high flow rate used in detachment experiments, both the 30-(rough) and 34-week (smooth) biofilms were continuously imaged by OCT for half an hour when the 3 mM KCl solution was introduced to the flow cell at the flow velocities of 0.1, 0.3, and 0.7 m/s. Each measurement was repeated three times on different biofilm coupons from the same reactor.
CFD and Particle Tracing Simulation for Flow Across the Biofilms
Ten rough (4-week, relative roughness coefficient = 0.76 ± 0.07) and ten smooth (14-week, relative roughness coefficient = 0.30 ± 0.07) biofilm 2-dimensional contours obtained from OCT imaging were used for the simulation of velocity distribution and particle movement above the biofilm surface in the flow chamber. The simulation was conducted with COMSOL Multiphysics 4.3a (Comsol Inc., Burlington, MA) and had two steps. For the first step, the Navier-Stokes equation for flow profiles inside the flow chamber was numerically solved with a no-slip boundary condition on both biofilm surfaces and the glass cover slide wall. The initial velocity was set as the average flow velocity (0.007 m/s) inside the flow cell. In the second simulation step, spherical particle movement in this flow field was simulated based on Newtonian's law of motion, drag force, and Brownian motion. Drag force was calculated from Stokes equation and flow velocity. Brownian motion was determined by particle size (2 µm), dynamic viscosity, and a random number generator factor for particle diffusion. 1000 particles were continuously delivered together with the fluid into the flow chamber for 10 s. These particles were dispersed in the flow by the drag force and Brownian motion. Finally, the adhesion of particles was represented by deposition probability, which was calculated by dividing the final number of adhered particles with the number of total released particles. The simulation was conducted in the fluid phase, and the flow was at steady state.
The Navier-Stokes equation was also solved numerically with no-slip boundary conditions for all average flow velocities (0.1, 0.3, and 0.7 m/s) used in detachment experiments for the selected rough and smooth biofilm OCT contours. Shear stress distribution, a critical factor controlling the detachment of L. pneumophila from biofilm, was calculated based on these velocity profiles. This shear stress simulation was time-independent. More physical parameters used in particle tracing and shear stress simulation are in the SI (Table S5) .
Statistical Analysis
Statistical analysis was conducted for all Sherwood numbers obtained from fluorescence microscope and CLSM adhesion experiments. The significance level of 0.05 was used for both one way ANOVA and t test. See the SI for more details.
RESULTS AND DISCUSSION
Biofilm Structure Determined by OCT Imaging
The effects of biofilm age on its thickness and roughness were determined under no flow conditions. The average biofilm thickness increased with age, from 20 ± 4 µm for a 4-week biofilm to 38 ± 5 µm for a 14-week biofilm. After 14 weeks, the biofilm thickness stabilized. Specifically, the average thickness between a 29-week biofilm (32 ± 14 µm) and a 14-week biofilm (38 ± 5 µm) was similar (α = 0.05, p = 0.22). The highest relative roughness coefficient of 0.76 ± 0.07 was observed for the 4-week biofilm. The relative roughness coefficient decreased with the biofilm age to 0.30 ± 0.07 at 14-week. At the 29 th week, the roughness increased to 0.67 ± 0.13. These biofilm thickness and roughness values are listed in SI Table S1 . Overall, the change of biofilm roughness was not correlated with its thickness.
Possible biofilm deformation due to flow through the experimental chamber containing the biofilms was investigated under two flow regimes using OCT imaging. For the low flow conditions, when the flow velocity increased from 0 to 0.03 m/s, the biofilm contours at the same location did not show deformation (Figure 1 ). The average biofilm thickness and roughness at different locations under different flow velocities were statistically similar (SI Table S2 ). Therefore, the effect of biofilm structural change during the adhesion experiments and particle tracing simulation, which used a flow velocity of 0.007 m/s, was not considered. Table S3 ). These observations that biofilm structure did not change during detachment experiments indicated that the biofilms grown from the groundwater were rigid enough to resist high shear stress caused by the high flow velocity. The rigid structure of biofilms may be due to the long time used for biofilm development, the low nutrient, and the high hardness (1.63 mM Ca 2+ ) of the feed groundwater. Previous study also revealed a more rigid biofilm structure under reduced nutrient conditions. 46 Calcium ions in the feed groundwater may strengthen biofilms structure by cross-linking the biofilm matrix, allowing better resistance to shear stress. [47] [48] [49] Because the biofilms used in this study were resistant to a wide range of flow conditions (from 0 to 0.7 m/s), the effect of structural change during detachment experiments and flow simulation could be ignored.
Adhesion Experiments of L. pneumophila on Biofilms Grown on PVC Coupons
L. pneumophila adhesion on biofilms with different roughness was experimentally measured for solutions containing from 3 to 300 mM ionic strength to determine whether electrostatic double layer compression or biofilm surface roughness control the adhesion. L. pneumophila adhesion on PVC surfaces and 2-week biofilms increased with ionic strength (Figure 3a ). This observation with fluorescent microscopy was consistent with lower electrostatic repulsion between PVC surface and L. pneumophila cells based on less negative electrophoretic mobility values of the cells at higher ionic strength. The electrophoretic mobility of L. pneumophila cells was −1.90 ± 0.09, −1.58 ± 0.10, and −0.52 ± 0.06 µm·V/ (s·cm) (N = 12) at 3, 10, and 100 mM, respectively (SI Figure S2) . At 300 mM, the adhesion on both PVC and the 2-week biofilm was lower than that at 100 mM. The observation that adhesion leveled off with further increases in ionic strength has already been reported for other colloidal particles. 19, 33, 50, 51 In contrast to the observation that L. pneumophila adhesion on PVC and 2-week biofilm surfaces is dependent on ionic strength, we found that on those biofilms older than 4 weeks with thickness from 20 to 32 µm (SI Table S1 ), the Sherwood numbers for L. pneumophila were similar at ionic strengths from 3 to 300 mM (Figure 3a) , indicating ionic strength did not control L. pneumophila adhesion on older biofilms. For example, on the 14-week biofilm, the Sherwood number values obtained at 3 mM, 10 mM, and 100 mM were statistically similar (t test, α = 0.05, p = 0.9). L. pneumophila adhesion measured by CLSM was also independent of ionic strength ( Figure  3b ). In addition, Sherwood numbers obtained for the 14-week biofilm at 10 mM KCl using these two imaging methods were statistically similar (p = 0.85). The observation that CLSM imaging gave the same results as fluorescence microscopy suggested that, under these testing conditions, L. pneumophila adhered to the biofilm surface instead of penetrating into the biofilm matrix. The Sherwood numbers measured for all cases were less than one, varying from 0.003 ± 0.001 to 0.08 ± 0.03, in agreement with previously reported values of Sherwood numbers from 0.004 to 0.29 for E. coli adhesion on bare and zeolite-coated aluminum alloy and stainless steel surfaces in 10-100 mM KNO 3 solution. 41 While the adhesion of L. pneumophila on older biofilms was independent of ionic strength, we found that the Sherwood numbers measured at both 3 and 100 mM correlated positively with the relative roughness coefficient (Figure 4 and SI FIgure S3). Specifically, with biofilm relative roughness coefficient increasing from 0.30 ± 0.07 (14-week biofilm) to 0.76 ± 0.07 (4-week biofilm), Sherwood numbers increased from 0.03 ± 0.01 to 0.07 ± 0.02 at 3 mM. This observed higher adhesion on rougher surfaces could be explained by an enlarged surface area due to the surface roughness as reported previously. 52 However, while the surface area enlargement parameter of the roughest biofilms was 1.5 times larger than that of the smoothest biofilms (3.2 for 4-week biofilms vs 2.1 for 14-week biofilms), the adhesion of L. pneumophila on the roughest biofilms was twice larger than that on the smoothest biofilms. Thus, other factors besides the enlarged surface area contributed to the higher adhesion on rough surfaces.
Cell adhesion is controlled by surface interactions and hydrodynamics in flow conditions. 25, 53 As observed here, the increase in ionic strength and reduction in electrostatic repulsion did not lead to higher adhesion on older biofilms. Previous study also reported that the local hydrodynamics near the surface overcome the repulsive DLVO interactions and make the roughness asperity act as attractive locations allowing the particles getting closer to the substrate surface. 54 Therefore, effects of hydrodynamics on L. pneumophila adhesion should be considered. To explain how local hydrodynamic conditions created by surface roughness influences adhesion of particles with similar size and density as L. pneumophila cells, we performed simulation of the flow above the biofilm surface and the movement of particles in the flow. This simplifying assumption will only allow an indirect and qualitative comparison of the experimental trend with simulation results.
Hydrodynamics and Particle Tracing Simulation for Low Flow Velocity Conditions Used in Adhesion Experiments
The simulation results for flow velocity distribution and particle tracing above selected rough (4-week) and smooth (14-week) biofilm contours exposed to an average flow velocity of 0.007 m/s were obtained to determine the role of surface roughness on particle deposition. As shown in Figure 5a ,b, particles adhered more on the rough surface compared with that on the smooth surface. The average values of deposition probability on 10 rough and 10 smooth biofilm surfaces were 0.13 ± 0.03 and 0.06 ± 0.01, respectively. Statistically higher particle adhesion (t test, p = 0.0002) obtained for rough surfaces compared with smooth surfaces suggested that the surface roughness enhanced particle deposition. On the rough biofilm surface (Figure 5a) , most of the particles accumulated near the peak and on the side of the asperity that was facing the flow. On the smooth surface (Figure 5b) , however, adhered particles were distributed more randomly along the biofilm surface.
On the basis of the particle capture theory, 55 we propose that the direction change of streamline above the rough surface enhanced the interception of particles with the rough surface asperities, allowing additional particle adhesion. The distribution and shape of the streamline was highly dependent on the structure of the surface boundary. Specifically, along the rough surface, the direction of the velocity vectors changed significantly ( Figure  5a ). In contrast, along the smooth surface, the velocity vectors maintained their horizontal direction. When particles moved with the flow streamline and got closer to the asperity present on the rough surface, these particles could be directly blocked by this asperity or impact with this asperity by inertia (Figure 5c,d ). This process was facilitated at the location where the streamline intercepted with roughness asperities or where flow direction changed dramatically, allowing more particles to accumulate at the peaks and the side of the asperity that was facing the flow. However, on the smooth surface, less particle interception was expected due to less variation of the streamline direction along the surface. Comparing the velocity distribution on both the rough and the smooth surfaces, a larger stagnant zone was observed surrounding asperities on the rough surface versus the smooth surface. In these zones, particles could slowly move along the asperities, allowing enhanced interception between particles and roughness asperities. On a smooth surface, by contrast, there is a low probability of particle interception with surface roughness asperities. In summary, the higher particle adhesion on rougher surfaces appeared to be due to the enhanced interception resulting from the local hydrodynamic conditions created by surface roughness.
Qualitative Comparison of Experimental Results and Simulation Results
The results of L. pneumophila adhesion experiments show that L. pneumophila adhesion was enhanced on rougher biofilms. The simplified particle tracing simulation, for the first time, showed the detailed local flow profile and particle movement above complex biofilm profiles obtained by OCT. The simulation results revealed the enhanced particle interception on rough surfaces in agreement with the experimental results. While this simulation identified the roles of surface structure on adhesion, it may not exactly reflect the movement of L. pneumophila in a real flow system, such as DWDS, due to the following limitations.
(1) Particles used in simulation were sphere shaped, while L. pneumophila cells are rod shaped. In our simulations, the micrometer scale difference was not considered due to the resolution of biofilm contours obtained from OCT technique. (2) For clearly showing the effect of surface roughness along the flow direction, we only conducted 2-D simulations above the cross-section profile of biofilms. 2-D simulations were commonly used in previous studies on hydrodynamics simulations for biofilms. 56, 57 The possible particle diffusion and flow disturbances perpendicular to the main flow direction in 3-D space were not considered. (3) The simulation was conducted under a flow condition, including particle diffusion and convection. Under completely stagnant flow conditions in DWDS, particle diffusion will dominate the adhesion. Overall, although this simulation could not precisely represent the transport of L. pneumophila in real DWDS, it provided evidence of roughness enhancing particle adhesion by creating local hydrodynamics and supported the conclusions obtained from the adhesion experiments.
Detachment Experiments of L. pneumophila from Biofilms
Detachment of preadhered L. pneumophila from a selected rough biofilm and a smooth biofilm was experimentally determined at average flow velocities of 0.1, 0.3, and 0.7 m/s, which simulated the flow rate in DWDS. The ratios of cells retained on the biofilm to the total preadhered cells on the biofilm (R t ) as a function of time were determined. For both rough and smooth biofilms, R t dropped rapidly with time, then became stable after a few minutes. For example, when the smooth biofilm was subjected to an average flow velocity of 0.1 m/s, R t decreased from 1 to 0.42 in the first 6 min, then stopped decreasing over the next 24 min (SI Figure S4) . The time required to achieve 90% of maximal cell detachment (T 90 ) and the final ratio of the total detached cells to total preadhered cells (D final ) for different flow conditions were calculated (SI Table S6 ). An increase in average flow velocity from 0.1 to 0.7 m/s led to higher detachment. For example, for the rough surface, D final of 45%, 53%, and 73% were obtained under average flow velocities of 0.1, 0.3, and 0.7 m/s, respectively, indicating that more cells detached under the higher average flow velocity. In addition, T 90 decreased from 9.8 to 3.3 min when the average flow velocity increased from 0.1 to 0.7 m/s, revealing a faster detachment of L. pneumophila under the higher flow velocity. Higher shear stress caused by higher flow velocity was reported to lead to the increased cell detachment under increasing flow velocity. 25, 34 Therefore, the observed dependence of L. pneumophila detachment with flow velocities was further explained using the simulation results of shear stress distribution in the flow chamber (SI Figure S5 ).
As evidenced from the OCT imaging and analysis, biofilms grown from groundwater used in this study had rigid structure resisting deformation when subjected to flow velocities up to 0.7 m/s. For this reason, biofilm deformation was not considered in the simulation for shear stress exerted by the water flow on the biofilm. According to the simulation results, when the average flow velocity increased from 0.1 to 0.7 m/s, the shear stress on both rough and smooth surfaces increased significantly. This increased shear stress with flow velocity has been shown to be responsible for the improved detachment rate of bacteria from glass surfaces. 25, 34 In our study, the increased shear stress with increasing flow velocity also caused a 3 times faster L. pneumophila detachment from biofilms. Previous modeling study reported that larger hydrodynamic force would be required to detach particles from a rougher surface compared to a smooth surface. 58 Therefore, we compared the shear stress profiles exerted on the smooth and rough surfaces studied here. Compared with rough surface, the average flow velocities from 0.1 to 0.7 m/s exerted a more uniform shear stress distribution on the smooth surface. For example, under the average flow velocity of 0.3 m/s, on the rough surface (SI Figure S5b) , the highest shear stress was formed near the peak of each asperity (cyan, yellow, and red areas with shear stress >6 Pa), while large low shear stress zones were formed underneath the peak (dark blue areas with shear stress <2 Pa). On the smooth surface (SI Figure S5e) , shear stress on most of the area was >6 Pa. The larger low shear stress zones on the rough biofilm surface suggested that cells adhered in these zones were subjected to less shear stress penetration and therefore had a lower probability of detachment. On the smooth biofilm surface, however, the shear stress was distributed more uniformly, thus most of the biofilm surface was exposed to shear stress. Consequently, in contrast to the rough surface, more cells were expected to detach from the smooth biofilm surface. However, under the highest average flow velocity of 0.7 m/s used here, the high shear stress exerted on the biofilm may penetrate the biofilm causing detachment of biofilm surface layer, not just the preadhered cells. For this reason, high shear stress caused the equally high detachment of L. pneumophila from both smooth and rough biofilm surfaces.
In summary, this study identified that L. pneumophila adhesion was enhanced by biofilm roughness because of the increased interception between the flowing particles and the surface on rough biofilms. After L. pneumophila adhered to the biofilm, subsequent cell detachment was facilitated by high average flow velocity. Biofilm roughness could protect L. pneumophila from detachment by creating larger low shear stress zones. A summary of the study results is provided in SI Table S7 . These findings are relevant for pathogen control within premise plumbing. However, the L. pneumophila long-term colonization and release should be evaluated to shed light upon the fate and transport of pathogenic L. pneumophila in DWDS. The effect of practical conditions (e.g., temperature) and drinking water components (hardness, disinfectant, the presence of amoeba) need further investigation. OCT image of 8-week biofilm sequentially exposed to the average flow velocity of 0, 0.007, and 0.03 m/s. The yellow line is drawn manually and shows the boundary between the biofilm and water. These images were taken at the same location on biofilms when the biofilms were subjected to the flow with increasing velocity from 0 to 0.03 m/s. OCT images of 30-week biofilms under the average flow velocity of (a) 0.1, (b) 0.3, and (c) 0.7 m/s. The yellow line is drawn manually and shows the boundary between the biofilm and water. All these images were captured when the biofilms were exposed to continuous flow with corresponding velocity. The flow exposing time was 30 min, and biofilms were imaged at the interval of 1 min. The images of these biofilms under flow taken at 1 st min and 30 th min were shown here. 
